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THE  ASSOCT  ATT  ON- 1  N1)IY  7 1  ON  llYPOTHLiST  S  AND  PHYSIOL '.Cl  •.  EXCITATION 

George  Karreiwn 
Department  of  Physiology 
School  of  Medicine 
University  of  Pennsylvania 

Ob  j eel  i ve 

The  purpose  of  this  research  is  to  study  physiological  excitation  on  the 
basis  of  the  Association-Induction  Hypothesis.  *  One  air.  of  this  investi¬ 
gation  is  to  derive  theoretically  the  width  of  the  elect  rice!  potent  ial  at 
the  boundary  of  the  inside  and  outside  phases  of  a  biological  cell.  Another 
aim  is  the  theoretical  derivation  of  the  reversal  of  that  potential  during 
excitation. 


Introduc t i on 

Physiological  excitation  leads  from  a  stimulus,  such  ==  an  applied 

electrical  voltage  or  current,  to  the  production  of  an  action  potential,  if 

the  stimulus  strength  is  above  a  threshold  value.  It  has  been  experimentally 
2 

established  that  excitability  of  living  cells  depends  on  the  presence  of 

3 

sodium  ions  m  the  bathing  medium.  In  addition,  it  has  beer,  shoun  that 
the  magnitude  of  the.  action  potential  depends  on  the  extern.-1,  sodium 
concentration.  The  action  potential,  which  has  opposite  p.'.aritv  of  the 
rnstln,-,  membrane  potential,  is  initialed  by  an  influx  of  s.iium  ions  into 
biological  cells,  followed  by  an  efflux  of  potassium  ions  .  Hence,  there 
is  a  switch  in  the  preference  of  cells  from  pot ssi urn  ions  in  rest  to  sodium 
ions  in  excitation.  This  is  explained  on  the  basis  of  iha  A  •->  soc  i  at  ion- 
induction  Hypothesis  by  a  change  from  specific  adsorption  >f  potassium  Lons 
to  protein  sides  in  resting  cells  t o  specific  adsorption  of  sodium  Lons  to 
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1  In?  same  prot  o  in  sit  or.  in  excit  at  ion.  It  has  been  -~h  ;.;a'  that  (lie  changes 

licencing  in  tiu:  adsorbed  pot  ass  i  urn  ions,  in  exchange  for  calcium  ion:;,  due  to 

a  cationic  stimulus,  give;  the  right  order  of  magnitude  of  the  stimulus 

threshold  and  explain  experimental  sublhreshold  responses.  derivation^  of 

the  space  profile  of  the  electrical  phase  boundary  potential  at  the  cell 

surface  under  certain  simplifications  (see  below)  has  shown  that  the 

effective  width  of  that  potential  of  the  same  order  as  that  of  the.  cell 

membrane  determined  experimentally.  This  had  led  to  the  interesting  question 

whether  the  functional  membrane  is  an  electrical  phase  boundary  layer  instead 

of  the  structured  anatomical  call  membrane. 

Another  fundamental  aspect  of  the  Association-Induction  Hypothesis  is 

the  involvement  of  cooperative  interactions  in  the  specific  adsorption  of 

ions  and  other  biological  substances  at  protein  sites.  As  is  well  known  from 

physics,  the  essential  feature  of  cooperative  phenomena  is  (nearest)  neighbor 

interaction.  On  the  basis  of  statistical  mechanics  a  cooperat ive  specific 

7  8 

adsorption  isotherm  has  been  derived  *  which  agrees  with  many  experimental 
9-11  . 

data  .  These  cooperative  interactions  have  also  been  studied  stochas¬ 
tically  in  good  agreement  with  the  above  mentioned  Cooperative  specific 

,  .  .  ,  12  ,,  .  ,  .  ,  13 

adsorpt  ion  isotherm  as  well  as  with  experiment  a]  results 

The  involvement  of  cooperative  phenomena  in  phys iological  excitation  has 

been  found  experimentally^*  and  studied  theoretically^*^.  Another 

theoretical  investigation^,  on  the  basis  of  cooperative  specific 

J  8 

adsorption,  takes  into  account  the  changes  in  specificities  if  protein 

sites  for  potassium  or  sodium  depending  on  t  lie  dcsorpt  i  on  of  the  cardinal 

1  1 

adsorbent  calcium,  adsorbed  at  a  cardinal  :.ite  ,  from  such  a  site  due  to 

a  cathode  as  st  imulus. 

Also,  water  molecules  can  he  specifically  adsorbed  at  protein-sites  and 


backbones  .  This  leads  t  ensembles  ol  cooperat  ively  inf  eracl  ing  water 

19 

molecules  wr.  ich  from  polarized  multilayers  .  According,  to  the  Assoc  i  a  :  >n- 

Iiu'uct  ion  Hypothesis  this  polarized  wst  er  in  cells  excludes  sodium  ion1  fro:;, 

19 

the  Ultra-cellular  space.  .  lienee,  the  Association-Induction  Hypolhes.; 
leads  to  the  concept  that  the  inside  of  a  cell  has  more  the.  characterisc.es 
of  a  solid  (jr  semi-solid)  state  rather  than  those  of  a  free  solution,  •_  = 
already  concluded  long  ago“^. 

Description  of  Methods  and  Results 
Derivation  of  the  Spa tial  Profile  of  the  Electrical  Phase  Boundary 


Potent  ial 

The  above-mentioned  theoretical  invest igaton^  of  the  profile  of  the 
electrical  phase  boundary  was  based  on  the  study  of  the  dependence  of  the 
electrical  potential  in  the  outside  and  inside  of  a  system  consisting  of  two 
phases  which  correspond  to  the  extracellular  and  intracellular  spaces  of  a 
biological  cell.  The  extracellular  space  was  assumed  to  contain  only  the 
cations  potassium  and  sodium  at  their  physiological  concentrations  as  well  a 
an  anion,  for  instance  chloride,  of  which  the  concentration  was  the  same  as 
the  sum  of  the  potassium  and  sodium  concentrations.  It  was  assumed  thut  the 
phase  which  corresponds  to  the  inside  of  the  biological  cell  contained  a 
fixed  anion  of  appropriate  concent  rat  ion.  For  reasons  of  simplification,  th 
following  assumptions  were  made:  1)  the  fixed  anion  is  homogenously 
distributed  throughout  the  inside,  2)  the  fixed  anions  are  not  int  crconn  e< 
as  they  are  in  protein,  3)  the  penetration  of  the  mobile  anion  in  the  out  -id 
phase  is  neglected,  4)  the  boundary  was  considered  so  thin  that  there  is  -  o 
surface  charge  on  it.  The  spatial  profile  of  the  electrical  potential  i 
determined^*  by  the  Poisson  equation  according  to  which  the  divergence  of 
the  gradient  of  the  electrical  potential  is  proportional  to  the 
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space  density  fo  the  electrical  charge.  This  charge,  density  is  detei  Ined  by 

(tie.  excess  of  the.  posit  ive  charge  density  over  the  ncg.it  ive  charge  density. 

Though  at  the  inside  far  from  boundary  the  fixed  r.egat  ive  ion  charge  density 

is  neutralized  by  the  charge  densities  of  the  positive  ions  (pot  ass  ic "  and 

sodium)  there  are  in  the  inside,  close  to  the  surface,  vacant  negative 

21 

sides.  As  has  been  pointed  out  before  these  vacant  sites,  even  if  their 

concent  rat i on  is  too  small  to  be  determined  chemically,  play  an  essential 

role  in  the  determination  of  the  profile  of  the  electrical  potential.  With 

the  appropriate  boundary  conditions  expressing  that  there  is  no  force  at 

large  distances  from  the  surface  and  electrical  neutrality  at  those  distances 

it  is  possible  to  find  approximate  analytical  solutions  of  the  (non-linear) 

differential  equations  for  the  electrical  potential^.  From  these  solutions 

it  was  found  that  the  effective  width  of  the  electrical  potential  can  he  of 

the  same  order  of  magnitude  as  that  of  the  membrane,  as  already  mentioned 

above,  indicating  that  the  funct ional  membrane  is  an  electrical  phase 

boundary  layer.  Recognition  of  the  inappropr  iat  em-.ss  of  the  assumption  that 

there  is  no  charge  at  the  surface  in  a  more  realistic  model,  equations  have 

been  derived  without  that  assumption.  Proceeding  as  before^  it  is  found 

that  the  equation  which  determines  the  electrical  potential  is  a  non-linear 

integral-differential  equation  which  has  to  be  solved  with  the  appropriate 

boundary  conditions.  The  solution  of  this  non-linear  int egral ~d i l for  ;  t ini 

22 

equation  is,  which  of  course  a  difficult  problem,  is  being  investigated 

It  is  not  much  more  difficult  to  relax  the  assumption  of  the  impermeability 

22 

of  the  mobile  anion  into  the  inside  phase  .  As  the  fixed  anionic  sites  in 
the  inside  phase  are  protein  sites  their  int erconnect  ions  have  to  be  t seen 
into  account  explicitly.  This  leads  to  the  study  of  the  changes  in  th:-. 
distributions  of  electronic  charges  inside  the  sidechains  and  backbone-  of 
proteins.  Such  n  study  has  to  be  made  on  the  basis  of  wave-mechanics. 


nr.  iii «  i  niTitn 
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V. a  ve-mechan ical  Trc-.> t  rru: of  Chcmica  1  Induct  ion 


Cooperative  specific  adsorption  phenomena  are  bated  on  the  mechanism  of 


chemical  induct  ion^’^  *,  which  is  the  second  aspect  of  the  Assoc  iat  ion- 


-Induction  Hypothesis.  This  induction  mechanism  is  a  wav,;  mechanical 

.  .  .  »'  , 

phenomenon.  As  the  basis  of  wave  mechanics  is  the  Schruduiger  equation,  the 

latter  has  to  be  solved  to  understand  the  induction  phenomena.  Very 

unfortunately,  the  Schro'dinger  equation  can  only  be  exactly  solved  for  very 

simple  systems.  For  problems  involving  electrons  in  real  atomic  (and 

molecular)  systems  only  approximate  solutions  have  been  obtained. 

25  26 

Orginially,  there  were  basically  two  different  methods  *  ,  the  V(alencc) 

B(ond)  Method  and  the  L(iner)  Combination  of)  A(tomic)  O(rbital)  M(olccular) 
O(orbital)  Method  which  are  not  only  different  from  each  other  but  also  do 


not  give  the  solution  corresponding  to  the  experimental  data.  There  are 


27 


several  extensions  of  these  methods  ,  such  as  the  self-consistent 


Kartree-Fock  method,  including  configuration  interaction  and  various  degrees 


,28 


of  overlap  of  atomic  orbitals.  The  recently  developed  method  of 

29 


Molecular  Fragments  which  uses  also  Catastrophic  Theory  holds  great 
promise  and  is  being  investigated  for  application  in  this  study.  Though  the 
separation  is  somewhat  arbitrary,  electrons  in  molecules  have  often  been 
divided  into  two  kinds:  mobile  electrons  and  localized  electrons.  The  mobile 
electrons  occur  in  molecules  with  double  bonds,  especially  llioiie  in 
conjugated  systems,  over  which  they  spread  easily.  However,  for  the 
induction  phenomena  involved  in  cooperative  interactions,  t  lie  localized 


elect  rons  are  the  most  important  as  they  propagate  electronic  charge  changes 

in  a  nilecule  from  one  atom  to  its  neighbor.  These  localized  electron  charge 

changes  have  been  studied  by  a  theory  especially  developed  tor  those 

30 

localized  electrons  .  This  theory  has  been  applied  to  the  study  of  the 
change  in  the  electronic  charges  of  linear  polypeptides  due  to  the  desorption 
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of  a  calcium  ion  as  a  consequence  of  an  applied  catholic  field.  liven  if  the 
number  of  ami  no.  ic  ids  is  limited  to  the  small  mu.b  r  of  five-for  which,  as 
already  staled  above,  the  results;  of  a  stochast  i.c  treatment  a  'tree  willi  t  h  o. sc¬ 
on  the  basis  of  statistical  mechanics  (in  which  essentially  an  infinite 
number  of  amino  acids  is  assumed)  -  the  number  of  crust  ions  which  lias  to  be 
solved  is  large  (in  fact,  seventy-five  in  the  ju  st  nt  ion  ad  case  of  five 
amino  acids).  The  result  of  these  computations  is  that  the  change  in 
electronic  charge  distribution  due  to  the  desorpi  ion  of  the  cardinal 
adsorbent  calcium  from  the  cardinal  site  does  not  propagate  much  further  than 

a  few  amino  acids.  The  same  result  is  obtained  if  this  method  is  combined 

31 

with  another  me.thod  using  explicit  transmission  factors  which  decrease 

with  distance.  This  absence  of  sufficient  far  propapal  ion  of  electronic 

charge  changes  indicates  that  another  important  mechanism  is  also  involved. 

As  in  many  fundament  al  biological  processes  con  format ional  changes  of 

14 

proteins  occur  probably  also  in  physiological  excitation  .  These  are.  due 

to  transformation  of  globular ly  extended  peptide  chains  to  helically  coiled 

.  19 

peptide  chains  .  Such  conformational  changes  of  extended  peptide  chains, 

which  are  interconnected  by  hydrogen  bonded  water  molecules,  can  aln  be 

3  r>  31 

studied  theoret ically  by  the  above-mentioned  methods  ’  together  with 
other  wave  mechanical  methods  developed  for  I  tie  study  of  electrons  in 
biopilymnrs.  The  specific  adsorption  of  water  molecules  at  sites  in 
backbones  of  proteins  have  beer  studied  taking  into  account  their  two  and 
three  dimensional  structures  for  wh  icli  computer  pr  jrrnmr.  have  been  written. 


Wien  the.  results  of  the  wave  mechanical  study  will  r.ave  been  obtained  they 

will  be  used  in  these  programs  to  obtain  the  multilayered  polarized  water 

molecules  adsorbed  at  the  protein  sites  mentioned  above. 

Not  only  in  physiological  excitation  but  air.)  i  r.  blood  coagulation, 

which  is  a  beautiful  example  of  regulatory  phenomena  in  biology  cooper  at  ivi- 

phe.nomana  play  a  very  important  role.  Interesting  results  have,  recently  hern 

.  32 

obtained  for  this  cascade  mechanism. 
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